Abstract Oxidative stress has long been implicated in the pathogenesis of various neurodegenerative disorders such as Alzheimer's disease and stroke. While high levels of oxidative stress are generally associated with cell death, a slight rise of reactive oxygen species (ROS) levels can be protective by "preconditioning" cells to develop a resistance against subsequent challenges. However, the mechanisms underlying such preconditioning (PC)-induced protection are still poorly understood. Previous studies have supported a role of ERK5 (mitogen-activated protein [MAP] kinase 5) in neuroprotection and ischemic tolerance in the hippocampus. In agreement with these findings, our data suggest that ERK5 mediates both hydrogen peroxide (H 2 O 2 )-induced PC as well as nerve growth factor (NGF)-induced neuroprotection. Activation of ERK5 partially rescued pheochromocytoma PC12 cells as well as primary hippocampal neurons from H 2 O 2 -caused death, while inhibition of ERK5 abolished NGF or PC-induced protection. These results implicate ERK5 signaling as a common downstream pathway for NGF and PC.
Introduction
Oxidative stress-induced cell damage has been implicated in the physiological process of aging as well as the pathology of a variety of disorders associated with aging, such as Alzheimer's disease (AD) and stroke. Studies in AD models support that early molecular alterations in degenerating neurons include increased generation of reactive oxygen species (ROS) to activate apoptotic pathways. However, while high levels of oxidative stress is generally associated with neuronal degeneration and death, a slight rise of ROS level can be substantially protective by "preconditioning" (PC) cells to develop a resistance against subsequent challenges (Wiese et al. 1995; Lee and Um 1999; Kim et al. 2001; Dirnagl et al. 2009 ). For example, hydrogen peroxide (H 2 O 2 )-induced PC is known to confer adaptive cytoprotection against subsequent oxidative stressrelated injury in various cell types (Angeloni et al. 2011; Mo et al. 2012) . Nevertheless, the precise mechanism by which PC protects against oxidative injury, especially in the brain, remains unknown.
The ERK/mitogen-activated protein kinase (MAPK) pathway is not only involved in the perception of responses to oxidative stress, but also a key mediator of neuroprotection. For example, estrogen activated ERK1/2 signaling pathway in global ischemia-induced hypoxia, and the MEK (upstream activator kinase for ERK) inhibitor PD98059 blocked the neuroprotection by estrogen (Lebesgue et al. 2009) . However, such studies used pharmacological inhibitors for MEK, including PD98059 or U0126, which inhibit both MEK1 and MEK5, the upstream activator of ERK1/2 and ERK5, respectively (Davies et al. 2000) . Therefore, it is plausible that the effects previously assigned to ERK1/2 are actually a function of ERK5. Importantly, Wang et al. reported that cerebral ischemic PC activated ERK5 in the hippocampal CA1 region of rats, and that ERK5 signaling contributes to ischemic tolerance (Wang et al. 2006a) . These data and ongoing work in our laboratory led to our hypothesis that ERK5 is a key component of the protection associated with hypoxic PC.
Known activators for ERK5 include growth factors such as nerve growth factor (NGF) (Fukuhara et al. 2000) and oxidative stress (Fukuhara et al. 2000; Scapoli et al. 2004; Cavanaugh et al. 2006) . While there is considerable information regarding ERK5's upstream activators, little is known regarding the downstream effectors of ERK5, especially in the CNS. In a recent report by Ohnesorge et al., transcription factor Krüppel-like factor 4 (KLF4) was identified as a novel executioner of MEK5/ERK5 pathway to elicit an antiapoptotic and anti-inflammatory phenotype in human endothelial cells (Ohnesorge et al. 2010) . KLF4 is well known for its role in stem cell biology (Takahashi and Yamanaka 2006) , cardiovascular disease (Dong and Huang 2009 ) and cancer (Cho et al. 2007; Akaogi et al. 2009 ). And though KLF4 has been implicated in neuron regeneration (Moore et al. 2009 ), brain tumor formation (Nakahara et al. 2010 ) and neuronal apoptosis (Zhu et al. 2009 ), a mechanistic understanding of its role in the CNS is extremely limited.
During a recent large-scale screening, Dijkmans et al. identified KLF4 as a major immediate-early gene induced by NGF in the rat pheochromocytoma PC12 cells (Dijkmans et al. 2009 ). PC12 cells have been widely used as a model to elucidate the mechanisms by which NGF exerts its anti-apoptotic effects (Greene 1978) . In Dijkmans' report, the authors found that the NGFinduced increase in KLF4 expression was partially abolished by U0126 (inhibitor against MEK1/2 and MEK5), suggesting an involvement of the ERKs (Dijkmans et al. 2009 ). Given that ERK5 signaling induces KLF4 expression in peripheral cells to counteract apoptosis (Ohnesorge et al. 2010) , and that NGF activates ERK5 in PC12 cells (Obara et al. 2009 ), we hypothesized that NGF and/or PC protects neuronal cells from apoptosis via activation of an ERK5/KLF4 pathway. By using both PC12 cells and mouse primary hippocampal neurons as the complimentary models, we examined (1) the effect of blocking ERK signaling on KLF4 induction by NGF and PC, and (2) whether depletion of ERK5 or KLF4 by RNAi can attenuate the neuroprotection elicited by NGF and PC against an H 2 O 2 insult. Potential downstream gene targets of KLF4 to exert its protective functions were examined as well.
Methods

Cell culture and treatment
Rat pheochromocytoma PC12 cells were grown in RPMI 1640 media containing 5 % fetal bovine serum and 10 % heat-inactivated horse serum (HIHS) and maintained at 37°C in 5 % CO 2 humidified incubator. NGF (Millipore, Billerica, MA, USA) was added at 100 ng/ml. For cell viability experiments, cells were exposed to NGF or PC (tert-butyl-hydrogen peroxide; 50 μM) for 24 h followed by a 24-h exposure to 250 μM H 2 O 2 tert-butyl-hydrogen peroxide (Sigma, St. Louis, MO, USA).
Full details of the mouse study were approved by the Institutional Animal Care and Use Committee at the University of North Texas Health Science Center. All mice were handled according to the Guide for the Care and Use of Laboratory Animals. Primary cultures of hippocampal neurons were prepared from neonatal murine pups (C57BL/6NHSd mice, Harlan) as described by Sarkar et al. (2008) with modifications. Briefly, hippocampal tissue isolated from newborn mice (postnatal days 2-4) was dissociated with trypsin and DNase I for 10 min at 37°C. The tissue was then washed twice with Neurobasal-A medium containing B-27 and further dissociated by gentle titration using a graded series of fine polished Pasteur pipettes. After centrifugation at 200×g for 3 min at 4°C, hippocampal neurons were resuspended in Neurobasal-A/B-27 medium, passed through a cell strainer with 40 μm mesh, and plated at 1.0×10 5 cells/cm 2 on culture dishes precoated with poly-D-lysine. The culture dishes were kept at 37°C in humidified 95 % air and 5 % CO 2 . The initial culture medium was replaced after 5 h; subsequently, half of the medium was changed every 3 days. At day in vitro (DIV) 2, 1-β-arabinofuranosylcytosine (AraC) was added to a final concentration of 5 μM to prevent glial proliferation. Treatments of the primary cultures started at DIV 7.
Specific inhibition of MEK5 was achieved using the pharmacological inhibitors, BIX01288 or BIX01289 (Selleckchem, Houston, TX, USA) at 30 μM, which was applied 30 min before NGF or PC administration. For transfection experiments, siRNA duplexes of ERK5 or KLF4 were transfected with Gene Silencer reagent (Genlantis, San Diego, CA, USA). Total RNA or protein was isolated 24 h post transfection.
Calcein AM cell viability assay PC12 cells or primary neurons were cultured in a 96-well flat-bottomed plate. Calcein AM (Molecular Probes, Oregon, USA) staining was used to determine the number of viable cells in each well. The eight wells in the same column on the plate were assigned to the same treatment, and mean from these eight wells was considered as a single "n". RNA isolation and cDNA synthesis Total RNA was extracted from cultures and DNasetreated using the RNeasy Lipid Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Concentrations of extracted RNA were calculated from the absorbance at 260 nm. The quality of RNA was assessed by absorption at 260 and 280 nm (A 260 /A 280 ratios of 1.9-2.0 were considered acceptable). Total RNA (2 μg) was reverse transcribed into cDNA in a total volume of 20 μl using the High-Capacity DNA Archive Kit (Roche Applied Science, Indianapolis, IN, USA), according to the manufacturer's instructions.
Primers and probes for quantitative real-time RT-PCR PCR primers and probes for the target genes and the endogenous control, GAPDH, were purchased as Assay-On-Demand (Applied Biosystems Inc, Foster City, CA). The assays were supplied as 20× mix of PCR primers (900 nM) and TaqMan probes (200 nM). The KLF4 assay (Rn00821506_g1) contained FAM (6-carboxy-fluorescein phosphoramidite) dye label at the 5′ end of the probes and minor groove binder and nonfluorescent quencher at the 3′ end of the probes. The GAPDH assay (Rn9999999_s1) contained VIClabeled probes. The assays were optimized for use on an ABI Prism Sequence Detection System at the default machine settings.
Quantitative real-time RT-PCR
The reaction mixture contains water, 2× qPCR Master Mix (Eurogentec), and 20× Assay-On-Demand for BDNF. A separate reaction mixture was prepared for the endogenous control, GAPDH. The reaction mixture was aliquoted in a 96-well plate and cDNA (100 ng of RNA converted to cDNA) was added to bring the final volume to 30 μl. Each sample was analyzed in triplicate. Amplification and detection were performed using the ABI 7300 Sequence Detection System (Applied Biosystems) with the following profile: 2 min hold at 50°C (UNG activation), 10 min hold at 95°C, followed by 40 cycles of 15 s at 95°C (denaturation) and 1 min at 60°C (annealing and extension). Sequence Detection Software 1.3 (Applied Biosystems) was used for data analysis. The comparative C T method (2 −ΔΔCt ) was used to calculate the relative changes in target gene expression. In the comparative C T method, the amount of target, normalized to an endogenous control (GAPDH) and relative to a calibrator (untreated control), is given by the (2 −ΔΔCt ) equation. Quantity is expressed relative to a calibrator sample that is used as the basis for comparative results. Therefore, the calibrator was the baseline (vehicle-treated control) sample and all other treatment groups were expressed as an n-fold (or percentage) difference relative to the control (Livak and Schmittgen 2001) . The average and standard deviation of (2 −ΔΔCt ) were calculated for the values from five independent experiments, and the relative amount of target gene expression for each sample was plotted using the GraphPad Prism 4 software (San Diego, CA).
Western blotting
After treatment with NGF or PC, cells were harvested with lysis buffer containing protease and phosphatase inhibitors, as described previously (Singh et al. 1999) . After homogenization, samples were centrifuged at 99,000×g for 15 min at 4°C, and the resulting supernatants were evaluated for total protein concentrations using the Bio-Rad DC (Bio-Rad Laboratories, Inc.) protein assay kit. Sample lysates were loaded onto a sodium dodecyl sulfate/10 % polyacrylamide gel, subjected to electrophoresis, and subsequently transferred onto a polyvinylidene difluoride membrane (0.22 μm pore size; Bio-Rad Laboratories, Inc.). The membrane was blocked for 1 h with 5 % non-fat milk in 0.2 % Tween-containing Tris-buffered saline solution before application of the primary antibody. The following primary antibodies were used: The antibodies against phospho-ERK1/2 (#9101, Thr202/Tyr204, 1:1,000), phospho-ERK5 (#3371, Thr218/Tyr220, 1:500), ERK5 (#3372, 1:1,000), GAPDH (14C10, 1:1,000) were purchased from Cell Signaling Technology (Danvers, MA). Antibodies to ERK1 , KLF4 (F-8, sc-166238, 1:500), NAIP2 (A-17, sc-11068, 1:500), Bax (6A7, sc-23959, 1:500), Bcl-2 (C-2, sc-7382, 1:500) were from Santa Cruz Technology. β-Actin antibody (A3854, clone AC-15) was from Sigma. Antibody binding to the membrane was detected using a secondary antibody (either goat anti-rabbit or rabbit anti-goat) conjugated to horseradish peroxidase (1:20,000; Pierce Chemical Co., Rockford, IL, USA) and visualized using enzyme-linked chemiluminescence (Pierce ECL Western Blotting Substrate; Thermo Scientific, Illinois, USA) with the aid of the AlphaInnotech imaging system. siRNA and transfection AllStars negative siRNA control, pre-designed siRNA duplexes against ERK5 (SI05429620 for rat, SI01300663 for mouse), KLF4 (SI01529150 for rat, SI01083579 for mouse), ERK1 (SI01906163 for rat, SI01300569 for mouse) and ERK2 (SI01906037 for rat, SI02672117) were purchased from Qiagen. Briefly, PC12 cells or mouse primary neuronal cultures were transfected with the siRNA duplexes using Gene Silencer reagent (Genlantis) per manufacturer protocol. The siRNA (μg)/Gene Silencer (μl) ratio is 1:5. Total RNA was isolated 24 h post-transfection. Silencing of ERK5 and KLF4 was assessed by real-time PCR.
Statistical analysis
At least three independent experiments were conducted for Western blotting, Calcein assay and qRT-PCR. Densitometric analysis of the Western blots was performed using Alpha Innotech Image Analysis software (Cell Biosciences, Santa Clara, CA, USA). Data were subjected to ANOVA, followed by Tukey's analysis for the assessment of group differences, and presented as a bar graph depicting the mean±SEM, using GraphPad Prism software (San Diego, CA, USA). A p value <0.05 was considered to indicate statistical significance.
Results
Both NGF and low dose H 2 O 2 preconditioning protect PC12 cells against high dose H 2 O 2 -induced oxidative stress Since a low level of H 2 O 2 is considered to be a "preconditioning" signal to protect cells while a high level of H 2 O 2 triggers cell death, it is critical to determine the appropriate doses of H 2 O 2 used under the two different circumstances. The rat pheochromocytoma neuron-like PC12 cells have been widely used as a model to study H 2 O 2 -induced oxidative stress (Li et al. 2008; Nair and Olanow 2008; Aliaghaei et al. 2014) , therefore, we started our investigation of PC neuroprotection with this model. To examine the effects of different concentrations of H 2 O 2 on cell viability, PC12 cells were exposed to various concentrations of H 2 O 2 (50 to 1000 μM) for 24 h, and cell viability was determined by CalceinAM assay. In agreement with previous reports (Guyton et al. 1996 ), 0-100 μM H 2 O 2 did not affect PC12 cell viability significantly, while concentrations higher than 250 μM induced a significant cell death (Fig. 1a) . Therefore, we used 50 μM H 2 O 2 as the PC concentration and 250 μM H 2 O 2 as the oxidative stress concentration in the subsequent experiments with PC12 cells.
Because NGF and PC can protect various types of neurons against oxidative stress (Kim et al. 2001; Cao et al. 2007; Fuenzalida et al. 2007 ), we first tried to determine whether both NGF and PC protect PC12 cells from oxidative stress in this study. We pretreated PC12 cells with NGF (100 ng/ml) or PC (50 μM H 2 O 2 ) for 24 h and then stressed the cells with 250 μM H 2 O 2 for another 24 h. Cell viability was measured by Calcein AM assay. We found that NGF or PC pretreatment significantly rescued PC12 cells from H 2 O 2 -induced death (Fig. 1b) . Interestingly, the combination of NGF and PC pretreatment did not further increase cell viability compared to NGF or PC pretreatment alone.
NGF and PC activated ERK1/2 and ERK5 signaling Since both the ERK1/2 and ERK5 pathways have been implicated as mediators of neuroprotection, we sought to determine whether ERK1/2 and/or ERK5 are activated by NGF or PC in our experimental system. Consistent with the literature, NGF resulted in a significant increase in ERK1/2 phosphorylation (indicating activation) (Fig. 2) . In addition, ERK5 phosphorylation was also elicited. Consistent with the protective effects of PC, we found that PC was also effective at eliciting ERK1/2 an ERK5 phosphorylation. Notably, NGFand PC-induced ERK activation had very different kinetics: NGF-induced phosphorylation of ERK5 was evident within the first hour of treatment and gradually declined back to the basal level at 4-6 h. PC induced a delayed ERK5 phosphorylation with a maximal effect at 4 h. In contrast, the dynamic patterns of ERK1/2 activation by NGF and PC are similar to each other, both of which reached peak within 1 h and then continuously declined to the baseline. The different kinetics indicate an intriguing difference between the ERK1/2 versus ERK5 signaling. for another 24 h before cell viability was assessed by Calcein AM assay. Interestingly, PD184352 had no effect on NGF-and PC-induced cytoprotection (data not shown), suggesting that ERK1/2 pathway did not mediate this effect. Next, we used BIX02188 or BIX02189, two recently identified specific inhibitors against MEK5, to investigate the potential involvement of ERK5 pathway (Tatake et al. 2008) . Both BIX02188 and BIX02189 completely blocked the protection against H 2 O 2 by NGF (Fig. 3a) or PC (Fig. 3b) , supporting that the protection is mediated via ERK5. These two inhibitors by themselves did not block H 2 O 2 -decreased cell viability ( Fig. 3a and b) . Further, NGF, PC or the inhibitors alone did not change cell viability compared to control (Fig. 3c) , indicating that change in the basal activity of ERK5 does not affect PC12 neuronal survival.
Overexpression of active MEK5 protects PC12 cells from H 2 O 2
The pharmacological effects of BIX02188 or BIX02189 supported that ERK5 plays an important role in mediating NGF-and PC-induced protection. To test this hypothesis further, we used a constitutively active MEK5 construct, (CA-MEK5) (Pi et al. 2004) , to specifically activate ERK5. We have previously reported that expression of this construct resulted in a significant increase of ERK5 phosphorylation without affecting ERK1/2 phosphorylation (Su et al. 2011) , demonstrating the specificity of the MEK5 mutant. Consistent with our hypothesis of a protective role of ERK5 on neuronal survival against oxidative stress, we found that transfection with CA-MEK5 led to an increase in cell survival in the face of the H 2 O 2 insult (Fig. 4) . This data, when combined with Figs. 2 and 3, strongly support that NGF and PC signal through the ERK5 pathway to inhibit oxidative stress-induced cell death.
NGF and PC up-regulated the expression of KLF4
Knowledge regarding the downstream effectors of ERK5 signaling in neurons is extremely limited, with a small body of research focused on the transcription factor MEF2 (Liu et al. 2003; Shalizi et al. 2003) . Since ERK5 has been a focus of interests in cardiovascular diseases, we searched the literature in the vascular system and found that KLF4 has been reported to be an important mediator for ERK5 (Ohnesorge et al. 2010; Clark et al. 2011; Sunadome et al. 2011) . Importantly, NGF has been reported to transiently up-regulate KLF4 mRNA level in PC12 cells (Dijkmans et al. 2009 ). These data support the likelihood that KLF4 is a plausible target of the neuroprotective/ERK5 pathway. To test the hypothesis that KLF4 is a downstream target of NGF and PC in PC12 cells, we measured KLF4 mRNA and protein levels in response to NGF or PC stimulation. Given that KLF4 has generally been considered as an early response gene in various tissues (Dijkmans et al. 2009; Godmann et al. 2010) , coupled with our observation that its potential upstream activator, ERK5, was activated by NGF or PC within an hour of stimulation (Fig. 2) , we used the time frame of 1 to 6 h to assess the effect of NGF and PC on KLF4 expression. In line with published results, KLF4 mRNA was rapidly increased by NGF within 1 h, and then declined to basal levels (Fig. 5a) . Interestingly, PC also induced a significant KLF4 mRNA increase, but with different kinetics: the time for KLF4 mRNA to reach peak levels was delayed to 3 h after treatment, and the overall effect was weaker than the effect induced by NGF. We further tested if NGF or PC changed the levels of KLF4 protein.
To this end, Western blotting data confirmed the findings obtained through qPCR (Fig. 5b) , supporting our hypothesis that KLF4 is a target of both NGF and PC. There was a slight delay of KLF4 protein level change compared to the mRNA change, which may reflect the time required for KLF4 translation.
ERK5 mediates NGF-and PC-induced KLF4 expression
Since our data indicated that the ERK5 signaling cascade is activated by NGF as well as PC in PC12 cells (Fig. 2) , and ERK5 activation is associated with the induction of KLF4 in other cell types (Ohnesorge et al. 2010) , we asked if ERK5 mediated NGF-and PCincreased KLF4 in PC12 cells. Given that chemical inhibitors may suffer from specificity issues and further, and comparing different pharmacological agents may be confounded by their relative efficacy against their presumptive targets (i.e., efficacy of U0126 against ERK1/2 vs. ERK5), we elected to employ an RNAi approach to selectively knock down the expression of ERK5, ERK1 or ERK2 in PC12 cells. We previously reported a successful depletion of ERK5 expression in rat primary astrocytes using this method (Su et al. 2011) . Indeed, transfection of siERK5 significantly inhibited NGF-or PC-induced KLF4 up-regulation, while siERK1/2 had no effect on KLF4 mRNA levels (Fig. 6) , suggesting that ERK5 is the mediator for NGF and PC to induce KLF4 expression in PC12 cells.
Both ERK5 and KLF4 are required for NGFand PC-induced protection
Since ERK5, as well as KLF4, are known to play a role in the regulation of apoptosis (Shalizi et al. 2003; Ohnesorge et al. 2010) , we hypothesized that both ERK5 and KLF4 play a role in mediating NGF-or PC-increased cell viability against H 2 O 2 stress. Again, to avoid the non-specific effects by chemical inhibitors, we employed RNAi-mediated knocking-down of ERK5 or KLF4 in PC12 cells. Because NGF and PC also activated the ERK1/2 pathways (Fig. 2) , siRNA against ERK1 or ERK2 was tested in parallel. Cells transfected with a scrambled siRNA control, siRNA specifically against ERK5 or KLF4 were pre-incubated with NGF for 24 h, and then treated with H 2 O 2 (Fig. 7a) . While the scramble siRNA control did not alter the protective effects of NGF, either siEKR5 or siKLF4 significantly attenuated the protective effect, suggesting that both ERK5 and KLF4 are required for NGF to exert its effect on cell viability. A second experiment with PC showed a similar inhibition of the protective effect by either siERK5 or siKLF4 (Fig. 7b) . These data support our hypothesis that ERK5/KLF4 is a common downstream signaling pathway shared by NGF and PC. In agreement with our previous finding that PD184352 (specific inhibitor against ERK1/2) had no effect on NGF-or PC-enhanced cell viability, siERK1 or siERK2 did not affect protection conferred by NGF (Fig. 7c) or PC (Fig. 7d) , suggesting that ERK1/2 signaling does not mediate cytoprotection downstream of these two neuroprotectants. The published literature suggests that one major mechanism underlying the cytoprotective effects of KLF4 is through the inhibition of apoptosis. To test the hypothesis that the ERK5/KLF4 pathway affects apoptosis, we used an apoptotic PCR array (SABiosciences, rat apoptotic PCR array PARN-012Z) to screen potential candidate apoptotic genes in KLF4-overexpressed PC12 cells. Cells transfected with empty vector or KLF4 encoding plasmid for 24 h were processed for PCR array analysis. Comparison of the mRNA profile of KLF4-transfected PC12 cells to the vector-transfected cells revealed several genes whose expression levels were changed more than 2-fold. Genes that were upregulated include well-known protective factors such as Bcl-2, NAIP2 (neuronal apoptosis inhibitory protein-2), Birc5, FAIM (Fas apoptosis inhibitory molecule), and genes that were down-regulated include Bax, Bid, Caspase1, and C-IAP1 (Cellular Inhibitors of Apoptosis 1) (data not shown). As a follow-up, we investigated whether activating the ERK5/KLF4 pathway under conditions of oxidative stress affected the expression of these genes identified by PCR array. PC12 cells were transfected with empty vector, a KLF4 encoding plasmid, or a plasmid encoding constitutively active MEK5 (CA-MEK5) for 24 h, then exposed to 250 μM H 2 O 2 for another 24 h. Cell lysates were subjected to Western blot to determine the expression of NAIP2, Bcl-2 and Bax (Fig. 8) . In both scenarios, NAIP2 protein level and the ratio of Bcl-2 : Bax were significantly elevated, supporting our hypothesis that up-regulated expression of anti-apoptotic proteins and down-regulation of pro-apoptotic proteins contribute to the cell survival induced by ERK5/KLF4 signaling.
RNAi-mediated knocking-down of ERK5 or KLF4 attenuated NGF-and PC-induced protection in primary hippocampal neurons Low level of H 2 O 2 PC has also been reported to protect primary neurons from subsequent oxidative stress induced by higher concentration of H 2 O 2 or oxygenglucose deprivation (OGD) (Furuichi et al. 2005 ) (Chang et al. 2008) . To determine if ERK5/KLF4 signaling pathway plays an important role in protecting primary neurons against oxidative stress, we first examined the cell viability of mouse primary hippocampal neurons exposed to increasing H 2 O 2 concentrations for 24 h. In general, primary neurons were more vulnerable to H 2 O 2 treatment compared to PC12 cells, while 0-25 μM H 2 O 2 did not produce significant cell toxicity (as measured by CalceinAM assay), 50 μM H 2 O 2 killed 45-60 % neurons (Fig. 9) . Therefore, we used 25 μM H 2 O 2 as the PC protectant concentration and 50 μM H 2 O 2 as the oxidative stressor in our following Fig. 6 ERK5 mediates NGF-and PC-induced KLF4 expression. PC12 Cells were transfected with siRNA scramble control, siERK5, siERK1 or siERK2 for 24 h before NGF or PC was applied for another 1 or 3 h, respectively. KLF4 mRNA was measured by qPCR (n=3). siERK5 abolished NGF-or PCinduced KLF4 expression (**p<0.01 compared to siControl; ## p<0.01 compared to siControl+NGF or PC). siERK5, siERK1 or siERK2 by themselves had no effect compared to siControl. siERK1+NGF (or PC) or siERK2+NGF (or PC) showed no statistical difference compared to siControl+NGF (or PC) experiments with primary cultures. We found that similar to our results from PC12 cells, 24-h pretreatment of NGF and PC significantly protected neurons against another 24-h exposure to H 2 O 2 (Fig. 9b) . Importantly, transfecting these neurons with siRNA against either ERK5 or KLF4 abolished NGF-and PC-induced protection ( Fig. 9c and d) . Efficient knocking-down of target gene levels with the siRNA was confirmed with qPCR (data not shown).
Discussion
Numerous epidemiological and experimental studies support a unifying role for oxidative stress in the pathogenesis of many cardiovascular and neurodegenerative disorders, including AD and stroke (Briones and Touyz 2010; Miller et al. 2010) . In particular, the increased ROS, including H 2 O 2 , could kill neurons directly or indirectly by activating apoptotic pathways. However, Fig. 7 Both ERK5 and KLF4 are required for NGF-and PCinduced protection. PC12 Cells were transfected with siControl, siERK5, or siKLF4 for 24 h before NGF or PC was applied for another 24 h. Cells were then stressed with H 2 O 2 , and assessed for cell viability (n=4). Both siERK5 and siKLF4 attenuated NGFinduced (a) or PC-induced (b) cell survival. siERK1 or siERK2 had no effect on NGF-induced (c) or PC-induced (d) protection (@: p<0.05; **, ##, @@: p<0.01; ***, ###: p<0.001; ****, ####: p<0.000) while high levels of oxidative stress is generally associated with neuronal degeneration and death, a slight rise of reactive ROS level can be protective by "preconditioning" cells to develop a resistance against subsequent challenges (Wiese et al. 1995; Lee and Um 1999; Kim et al. 2001; Dirnagl et al. 2009 ). It is believed that de novo synthesis of H 2 O 2 -responsive proteins accumulated during PC accounts for H 2 O 2 adaptation (Wiese et al. 1995) . Therefore, revealing the downstream transcription factors responsible for the PC-elicited protection will help elucidate the underlying molecular mechanism.
One clue stems from the observation that the MAP kinase ERK5 is recruited both under conditions of H 2 O 2 -induced neuronal PC as well as following application of NGF (Suzaki et al. 2002; Jou 2008) . In the present study, we investigated the neurprotective role of ERK5 against oxidative stress in PC12 cells. These cells are widely used as a model to study PC protection, and signaling cascades known to mediate PC effect in these cells include SAPK/JNK (Kim et al. 2001) , PI3K/Akt (Mo et al. 2012 ) and ERK5 (Suzaki et al. 2002) . Here, we provide evidence, for the first time, for a key mechanism whereby the ERK5/KLF4 signaling pathway functions as a convergent point of various upstream signals (such as NGF and PC) to protect neurons from oxidative stress. Our conclusion is strongly supported by the findings that (1) NGF and PC rapidly activated ERK5 and subsequently increased the expression of KLF4; (2) Activating ERK5 signaling by transfecting the active form of its upstream kinase MEK5 protected cells from H 2 O 2 ; (3) inhibiting ERK5/KLF4 by chemical inhibitors or RNAi-mediated depletion abolished PC-or NGF neuroprotection; and (4) activating ERK5/KLF4 pathway regulated pro-and antiapoptotic genes in a manner that favors survival.
ERKs play key roles in many physiological processes, including cellular proliferation, differentiation, and gene expression (Roux and Blenis 2004) . The beststudied members of this family, ERK1/2, have been considered critical in promoting cell survival against oxidative stress in cultured primary neurons (Hota, Hota et al. 2012; Sanchez et al. 2012) as well as PC12 cells (Wruck et al. 2007; Xiao et al. 2011) . However, these studies utilized the pharmacological inhibitors U0126 and PD98059, which have been previously used as selective inhibitors of the ERK1/2 signaling pathway but recently reported to effectively inhibit ERK5 signaling pathway as well (Suzaki et al. 2004; Su et al. 2011 ).
In fact, ERK1/2 and ERK5 pathways can play either similar or opposite roles within the same system. For example, Cavanaugh et al. (2006) reported that in a dopaminergic cell line, both ERK1/2 and ERK5 pathways promote neuronal survival under basal conditions, while only ERK1/2 pathway was neuroprotective in response to oxidative stress. We also recently described distinct roles for ERK1/2 and ERK5 activities on BDNF expression such that ERK5 exerts tonic inhibitory Fig. 9 ERK5/KLF4 pathway is required for NGF-and PC-induced protection against oxidative stress in mouse primary hippocampal neurons. a Primary hippocampal neurons were treated with increasing concentrations of H 2 O 2 for 24 h before cell viability was assessed by CalceinAM assay (n=4). 25 μM H 2 O 2 was chosen as the preconditioning concentration, while 50 μM H 2 O 2 was used as the oxidative stressor in the following experiments. b Primary neurons were pre-treated with PC or NGF for 24 h prior to treatment with H 2 O 2 (50 μM) for another 24 h, then cell viability was assessed (n=3). Both PC and NGF rescued neurons from H 2 O 2 (***p<0.001, ****p<0.0001 vs. control, respectively control over BDNF expression, while the ERK1/2 pathway is recruited to preferentially mediate stimulusdriven increases in BDNF expression (Su et al. 2011) . Therefore, it is critical to delineate the roles of ERK5 versus ERK1/2 when studying a physiological effect.
ERK5 is well known to be sensitive to oxidative stress, and regulate apoptosis and inflammation in oxidatively stressed tissues, especially within the cardiovascular system (for review, see Nigro et al. 2011) . Nevertheless, the physiological functions of ERK5 in the CNS and peripheral nervous system (PNS) has been poorly studied, presumably due to the lack of selective pharmacological inhibitor(s), until the recently reported BIX02188 and BIX02189 compounds (Tatake et al. 2008) . Further, the technical challenge of delivering interfering molecules (i.e., siRNAs) efficiently into neurons has also been only more recently addressed. Existing literature suggests a role of ERK5 in neuronal development (Cundiff et al. 2009 ), adult neurogenesis in hippocampus and the olfactory bulb Pan et al. 2013) , neuronal survival in both CNS and PNS (Watson et al. 2001; Pazyra-Murphy et al. 2009 ), and neuropathic pain in the spine (Obata et al. 2007) . A few studies have identified neurotrophins, including NGF, BDNF and NT-3 as major physiological activators of ERK5 in neurons (Watson et al. 2001; Wang et al. 2006b; Ohtsuka et al. 2009; Yu et al. 2012) . Furthermore, Suzaki et al. (2002) reported that in PC12 cells, ERK5 was rapidly (within 5 min) activated by 30-300 μM H 2 O 2 , which resulted in increased DNA binding of transcription factor MEF2 to promote cell surviva l . B e ca us e b ot h N G F an d P C ar e k no w n neuroprotectants, we asked whether or not NGF and PC can activate ERK5 in PC12 cells. Indeed, both NGF and PC (50 μM H 2 O 2 ) induced significant ERK5 phosphorylation. Importantly, inhibiting ERK5 activation by the selective MEK5 inhibitors, BIX02188 and BIX02189, abolished the neuroprotection by NGF or PC, suggesting an indispensible role of ERK5 in mediating this effect (Fig. 2) . Interestingly, NGF-and PCinduced ERK5 activation showed different kinetics: NGF triggered a rapid but transient increase in ERK5 phosphorylation, with a maximal effect at 1 h. In comparison, PC induced a gradual and sustained ERK5 phosphorylation that reached the plateau at 3-6 h after treatment. The same pattern was also observed with NGF-and PC-induced ERK1/2 phosphorylation (Fig. 2, lower panels) . Since the differential activation kinetics of the ERK1/2 pathway can exert distinct biological effects (Seidman et al. 2001; Murphy and Blenis 2006) , it will be interesting to determine if this also holds true for ERK5. However, for the effects examined by the current study (i.e., cell survival), both NGF-and PC-induced ERK5 signaling resulted in cytoprotection against oxidative stress. It is worthwhile to point out that combination of NGF and PC pretreatment did not further increase cell viability compared to NGF or PC pretreatment alone, which argues that NGF and PC have no addictive/synergistic effects, and support a common downstream route for cytoprotection.
The effectors of ERK5 signaling in neurons are poorly studied. In vascular endothelium, transcription factor KLF4 has been reported as an ERK5 downstream target, and activating the ERK5/KLF4 pathway affects the expression of more than 200 genes, resulting in an overall anti-inflammatory and anti-apoptotic phenotype (Ohnesorge et al. 2010) . Our data support that the transcription factor KLF4 is an important downstream molecule for ERK5 to exert its function. We observed similar kinetics for KLF4 induction as seen in ERK5 activation by NGF and PC (Fig. 5) . Depleting ERK5 by siRNA abolished NGF-and PC-increased KLF4, supporting a requirement of ERK5 to mediate this effect. Importantly, siRNA against either ERK5 or KLF4 inhibited the protective effects of NGF and PC against oxidative stress (Fig. 6 ). Co-transfecting siRNA against both ERK5 and KLF4 showed no synergistic effect, suggesting that these two signaling molecules reside within the same signaling cascade. To further explore the underlying mechanism for KLF4 to promote survival, we screened~90 genes well known for their roles in apoptosis and identified several as KLF4 targets, including NIAP, Bcl-2 and Bax (Fig. 8) . Our data suggest that inhibiting apoptosis contributes to, at least partially, the overall protective effect of KLF4 in neurons.
Results are equivocal in current literature regarding KLF4's role in cellular survival, and comparisons are complicated by differences in the utilized species, age of animals, and experimental procedures. Depending on the cell and tissue types used in specific studies, KLF4 has been shown to either inhibit, promote, or have no effect on apoptosis. For example, somatically knocking out KLF4 confirmed a role in promoting survival of natural killers cells in the spleen (Park et al. 2012) . In breast cancer cells, KLF4 was induced during histone deacetylase inhibitor treatment, and regulated the extrinsic apoptosis pathway by inhibiting caspase cleavage (Ky et al. 2009 ). To the contrary, Li et al. 2010 reported that KLF4 promotes H 2 O 2 -induced apoptosis via downregulating Bcl-2 and up-regulating Bax in leukemia. Zhu et al. (2009) showed that in primary cortical neuron cultures, KLF4 overexpression induced the activation of caspase-3 in response to glutamate excitotoxicity. In a recent Science paper, Moore et al. detected no differences in survival between KLF4-and controltransfected hippocampal neurons, although KLF4 suppresses axon and dendrite initiation and elongation in this system (Clark et al. 2013) . Our data presented herein support the conclusion that KLF4 is an antiapoptotic factor. Our recent study in a N27 rat dopaminergic neuronal cell line also suggested that siRNA depletion of KLF4 leads to an increase of caspase-1 activation (data not shown). Therefore, it is plausible, based on our data, that KLF4 inhibits apoptosis in various neuronal cell types.
To this end, we sought to investigate whether ERK5/KLF4 signaling also mediates neuroprotection by NGF and PC in primary hippocampal neurons. A concentration response to H 2 O 2 showed a different kinetic in primary neurons compared to PC12 cells: while 50 μM H 2 O 2 for 24 h does not change cell viability in PC12 cells (Fig. 1a) , the same concentration caused a significant cellular death in primary neurons (Fig. 9a) . In comparison, much higher concentrations of H 2 O 2 were required to achieve the same "killing" effects in PC12 cells (Fig. 1a) , suggesting that H 2 O 2 -induced cell death is highly cell type-specific. We tested whether 25 μM H 2 O 2 can be used as a PC protectant in primary neurons, and indeed this concentration of H 2 O 2 , as well as NGF, rescued cells against subsequent 50 μM H 2 O 2 -induced cell death (Fig. 9b) . Literature regarding the primary neuronal survival in response to increasing concentrations of H 2 O 2 is equivocal. Chen et al. reported that in rat embryonic hippocampal neurons, 10 μM H 2 O 2 started to induce a significant cell death, and 30 μM H 2 O 2 killed 30 % of cultured neurons. In contrast, Chang et al. (2008) showed 15 μM H 2 O 2 preconditioned mouse primary cortical neurons against subsequent 50 μM H 2 O 2 -induced oxidative stress. The apparent controversy in the current literature may result from the variations in animal species (mouse vs. rat), age of pups used (embryonic vs. neonatal), and different protocols used by various laboratories to establish the primary cultures.
To examine the potential involvement of ERK5/KLF4 pathway in NGF-and PC-evoked protection, we individually knocked down each of these signaling molecules by siRNA and found that similar to our PC12 results (Fig. 7) , siRNA against either ERK5 or KLF4 attenuated NGF's or PC's protection (Fig. 9c,d ). These data further support our conclusion that the ERK5/KLF4 pathway may function as a common mechanism for NGF and PC to exert their neuroprotective effect.
In summary, our findings that the ERK5/KLF4 signaling cascade promotes neuronal survival have several important implications. Although KLF4 has been well known in stem cell biology of CNS, the current study represents one of a very few existing efforts to explore a physiological function of KLF4 in neurons and further, will advance our understanding of the molecular mechanisms by which neurons are protected against oxidative stress. Second, it is plausible that the ERK5/KLF4 cascade may function as a convergence point for various protective signals to counteract oxidative stress-induced neuronal death. Since oxidative stress is thought to be a major player in many aging-associated diseases such as stroke and AD, KLF4 may serve as a therapeutic target, that when activated, counteracts oxidative stress under such conditions.
